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ABSTRACT A mechanism for length regulation in the parallel-packed section of the thick filament is proposed. It is
based on experiments done on synthetic, mini- and native filaments, and its primary purpose is to explain the physical
basis of the kinetic mechanism for the assembly of synthetic thick filaments from myosin alone. Kinetically, length is
regulated by a dissociation rate constant that increases exponentially as the filament grows bi-directionally from its
center. Growth ceases at the point of equilibrium between invariant on and length-dependent off rates. The three
subfilament structure of the parallel-packed region of the thick filament is fundamental to the proposed scheme. The
intra-subfilament bonding is strong and predominantly ionic in character, whereas the inter-subfilament bonding is
relatively weak. These strong and weak interactions participate directly in the strictly sequential mechanism of
assembly of dimer subunit observed in the kinetics. A third domain, independent of the sequential mechanism, consists
of opposing negative charges on the subfilament surface, juxtaposed at or close to the thick filament axis. The weak and
repulsive domains are additively coupled to each other through the rigidity in the subfilaments. Length regulation
occurs through the repulsive component rising in intensity more rapidly with length than the initially stronger positive
interactions. Growth ceases at the point where the repulsive interactions weaken the attractive interactions to the extent
that equilibrium is established between head-to-tail dimer subunit and its binding sites at the tips of the arms of thick
filament. This myosin-mediated mechanism, which gives rise to a narrow length distribution, is considered to be
fine-tuned by co-polymerizing proteins to give the precise length of the native filament.
INTRODUCTION
This paper describes the complex role that the rodlike tail
of the myosin molecule plays in thick filament assembly. A
study of this process is of value in understanding the
complexities of supramolecular structure generation. The
kinetics of synthetic thick filament assembly (1-4) has
presented us with a well-characterized mechanism for the
way in which a complex three-dimensional structure of
self-limiting size is generated from one protein (5, 6).
Length is regulated by a dissociation rate constant that
increases exponentially as the parallel-packed arms grow
bi-directionally from the thick filament center. Growth
ceases at the point of equilibrium between a length-
independent on rate and a length dependent off rate for the
interaction of myosin dimer with the two tips of the thick
filament (2-4). A mechanism of this type relies on emer-
gent properties for its mode of operation, assembly being
directed by the ever-changing intrinsic properties of the
growing polymer. It belongs to the larger class of cumula-
tive strain mechanisms (7-9). This paper is concerned with
the physical basis of the mechanism.
A striking feature of the thick filament of vertebrate
skeletal muscle, viewed at the resolution of an electron
microscope, is its precise length. Various mechanisms have
been proposed to explain how this precise 1.6-,um length is
achieved. Co-polymerizing proteins unquestionably inter-
act with the myosin-mediated mechanism described above,
to generate the native filament structure from the narrow
length distribution produced by the myosin molecule alone.
The filament itself is bipolar, i.e., assembled bi-direction-
ally from a common origin giving rise to twofold rotational
symmetry about its center. This orientation of the subunits
is required for its functional role in which the cycling
cross-bridges have to pull the thin filaments of actin
protein of a sarcomere toward each other to cause contrac-
tion. The myosin subunit is a highly asymmetric molecule
in which two globular ATP-cleaving heads are attached to
a long rod. It is the rod portion of the molecule (an
a-helical coiled-coil) lying distal to the pair of heads that
generates the backbone of the thick filament. The bipolar
structure originates in the antiparallel packing of myosin at
the center of the filament, which gives rise to the character-
istic bare zone. The cross-bridges of skeletal striated
muscle appear at either side of this bare zone as a
three-start right-handed helical array (10) with an axial
repeat of 43 nm. The mode of packing changes gradually,
as the region of antiparallel overlap extends, to one with
myosin molecules assembling in a uniform head-to-tail
packed, parallel array. A comprehensive scheme for the
specific way in which myosin packs in the shaft of the thick
filament has yet to be devised.
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Studies of the kinetics of assembly have helped to clarify
this problem in recent years (1-6). Rather than attempt to
unravel the complexities of native filament assembly, in
which a number of co-polymerizing proteins are integrated
at specific sites into the structure of the thick filament, the
system was simplified by following the formation of syn-
thetic thick filaments made from purified myosin. Since
myosin is the predominant thick filament protein and is
centrally located within the native structure, it seemed
likely that these filaments would exhibit many of the
characteristic features of the myosin-mediated assembly
process. The main problem encountered in this approach
was in selecting the correct synthetic thick filament sys-
tem, of which a number of classes with distinct structural
features exist. It turns out that in making this choice the
main consideration was the preservation of the distribution
of charged groups present on the protein in the physiolog-
ical state. This realization came about after inspection of
the structure of the different classes of thick filament. A
class favored by researchers for in vitro studies were
filaments generated at pH 7.0 by reducing the salt concen-
tration by dialysis. In these studies the filaments were
generally heterodisperse, with diameters greater than those
of native filaments. On the positive side, these filaments
did exhibit organized structure in the electron microscope
and had mean length distributions similar to those
observed in intact sarcomeres. The class of filaments
generated at pH 8.0-8.5, at physiological salt concentra-
tions, and at 50C were by and large overlooked despite the
presence of a homogeneous population of polymers that
were in all major respects structurally similar to native
filaments. These filaments were shorter than native fila-
ments and exhibited a narrow length distribution (e.g.,
0.65 S.D. T 0.07 ,m, n = 120 [4]) (1 1). The fact that a pH
of 8.0-8.5 at 5oC was necessary for the formation of this
class of filaments first focused attention on the fundamen-
tal importance of approximating the distribution of
charged groups on the myosin molecule found at pH 7.2
and 390C in the rabbit (4). The point here is not simply
that the pK values of cationic acids change with tempera-
ture and have to be compensated for by a change in pH, but
that a change in the charge pattern along the rod portion of
the myosin molecule has a profound influence on the
fidelity of synthetic and, by analogy, native thick filament
assembly.
The specific role that charge plays in directing filament
assembly and, in particular, thick filament length regula-
tion has been emphasized in recent kinetic experiments in
which the extent of the ionic interactions between adding
subunit and growing filament changed with length (4).
Here, two structural elements of the thick filament exhibit
quite distinctive behavior in their interaction with parallel
dimer (the assembly intermediate consisting of two myosin
molecules associated with parallel array that adds to the
filament ends). Growth of an experimentally defined seg-
ment of the central antiparallel region of the thick filament
by the sequential addition of dimer is correlated with a
linear increase both in the Gibbs energy of interaction and
in the dominance of charge-charge interactions in
assembly (4). After the change-over to parallel packing the
Gibbs energy continues to increase in a linear fashion with
size, but is now correlated with a linear decline in the
extent of polar interactions. The kinetics and thermody-
namics characteristic of parallel-packed myosin appear to
extend across the boundary at +0.4 ,um into the region
perturbed by antiparallel overlap. Conservatively esti-
mated, the graded change-over in the kinetics from that
typical of parallel packing starts at the point where the
0.65-,um filament is 60% dissociated (4). The development
of such cumulative, length-dependent properties necessi-
tates interactions within the structure that transcend those
that operate between neighboring subunits. That is, the
size of the aggregate is regulated by the interaction of
binding sites at the growing tips of the thick filament with
the rest of the structure.
Since changes in the charge-charge interactions between
macroscopic groupings of subunits within the thick fila-
ment appear to hold the key to the physical basis of the
length regulation mechanism, we have examined the dif-
ferent structures that native and synthetic thick filaments
could assume under conditions that maintained the physio-
logical charge pattern as closely as possible (12-15). We
made particular use of experiments in which electrostatic
interactions were amplified simply by lowering the ionic
concentration of the medium. The pK values of cationic
acids and hence the charge pattern are only marginally
perturbed by such alterations to the ionic concentration.
This makes it possible to probe for repulsive and attractive
domains within a variety of myosin-based structures.
Using this approach in conjunction with the constraints
imposed by the kinetics and thermodynamics of synthetic
filament assembly, we have investigated the structural
basis for the length regulation mechanism as mediated by
the myosin molecule in thick filament assembly.
Structural Evidence for Macroscopic
Domains
Since the extent of interactions between charged domains
can be amplified by varying the ionic strength from
moderate concentrations of salt (0.15 M) at which fila-
ments are generated to low concentrations (0.01 M), it is
possible to probe for predominantly repulsive and/or
attractive domains in thick filaments and to physically
identify the resultant structural changes by electron
microscopy.
Native filaments isolated from vertebrate skeletal mus-
cle split into three subfilaments under conditions of low
ionic strength (12, 13). Splitting is limited to the two
regions of parallel-packed myosin; the central bare zone
appears to remain intact. This organization of myosin
subunits into three subfilament-like zones is not only
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observed in thick filaments treated with low ionic strength
solvents; it has been seen in various transverse sections of
native filaments (16, 17). The individual subfilaments are
considered to be formed from parallel-packed myosin alone
(17). They extend into the region of antiparallel overlap,
where they coexist with subfilaments of opposite polarity
(17). The point in the structure at which thick filament
splitting ceases has yet to be precisely located.
Assumably, in light of the high degree of structural
equivalence, synthetic filaments formed from vertebrate
skeletal myosin between pH 8.0 and 8.5 share this basic
underlying structure with native thick filaments. Lowering
the ionic concentration of pH 8.0 filaments causes these
filaments to shorten in length rather than split into subfila-
ments; minifilaments (discussed later) represent a limit
product, under the experimental conditions used, for this
process. Subfilaments have been seen in preparations of the
pH 7.0 class of synthetic thick filaments (18). These
filaments are considered to be similar to pH 8.0 filaments,
but have additional myosin molecules added circumferen-
tially (19).
The heterogeneity in the structure of the filament
implies that assembly occurs through a sequential mecha-
nism in which at least two types of subunit interactions
participate. The stable subfilaments appear to be formed
from strong attractive ionic interactions, with weaker
intersubfilament domains holding the three subfilaments
together. The existence of strongly repulsive intersubfila-
ment domains is deduced from the simple observation that
the thick filament would not split were they absent, and not
coupled to the weak intersubfilament interactions. It is
therefore proposed that the weak and the repulsive inter-
subfilament interactions are additively coupled to each
other through the rigidity within each of the three subfila-
ments. There is, unfortunately, no direct measure of the
rigidity of these subfilaments; however a notable charac-
teristic of short synthetic filaments and native filaments is
that they generally appear as linear, rigid structures. Since
the repulsive interactions appear to be masked specifically
in certain parts of the native thick filament by proteins
carrying a complementary charge, it seems likely that the
weak and repulsive interactions are located separately on
the subfilament surface. Masking, or the neutralization of
the repulsive component, is observed in those parts of the
thick filament that fail to split into subfilaments. The
bare-zone region provides one example; the other is seen at
the tips of the three subfilaments that appear to be held
together by end-filaments (13), i.e., nonmyosin structures
located centrally at the tips of native thick filaments.
Therefore, the repulsive component appears to operate
between like charges, in all probability, positioned on the
subfilament surfaces at or close to the helix axis. The
repulsive charges are almost certainly negative, originating
from carboxyl groups, since an increase in the pH of the
medium shortens pH 8.0 synthetic thick filaments (20).
This could arise from a weakening of the attractive interac-
tions as the cationic acid component of the ion pairs
progressively deprotonates, whereas the repulsive contribu-
tion arising from charged neutral-acid groups remains
constant. The net result is that the negative cooperativity
per unit length would rise more sharply under alkaline
conditions causing assembly to cut off earlier with the
consequent formation of shorter filaments. A schematic
representation showing the major features of the proposed
model is provided in Fig. 1.
Interpretation of the Kinetic and
Thermodynamic Data
The mechanism has to be consistent with the results of the
kinetic experiments in which a cumulative property pro-
gressively destabilizes the structure of the dimer binding
site as the filament grows in size (2, 4); specifically, with a
linear increase in Gibbs energy coupled to a simultaneous
and linear decline in the magnitude of attractive electro-
static interactions in the binding of dimer at the tip of the
thick filament (4). These linear dependencies place defi-
nite constraints on the physical basis of the length-
regulation mechanism. To illustrate how this type of
behavior might arise, the interaction of two opposing
domains that carry a number of identical, uniformly
distributed charge loci is considered: here, the overall
Gibbs energy for the interaction between the two domains
is proportional to the number and strength of the interact-
ing charge pairs. As each charge pair is assumed to be
identical, the total Gibbs energy for domain-domain inter-
action would be directly proportional to the number of
pairs of interacting charges. The growth of such a domain
would give rise to linear dependencies between the Gibbs
energy, the extent of charge-charge interaction, and the
.,.. ', .. *:*i._
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FIGURE 1 Schematic representation of the main features of the model
for length regulation in a segment of structure located about the interface
of the antiparallel and parallel-packed zones of the thick filament. The
boundary between parallel and antiparallel-packed myosin was selected
for illustrtion for the sake of simplicity. It is likely that the length
regulation mechanism based on the repulsion between parallel-packed
subfilaments extends some distance into the region perturbed by antipa-
rallel overlap.
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size of the structure. This additive relationship between
attractive and repulsive charge-charge interactions and the
overall Gibbs energy is equivalent to the situation observed
experimentally with myosin filament assembly.
The strictly sequential (the serial addition or loss of
dimer subunit) nature of myosin filament assembly (2, 4)
places further limitations on the mechanism. For the
process of assembly to occur, all the various interactions in
the sequential series have to be favorable. The introduction
of a predominantly repulsive interaction would cause
assembly to terminate. This is an additional reason for
having chosen to localize the repulsive and attractive
intersubfilament interactions in physically separate
domains with the weak interactions coupled to the repul-
sive component. Assembly of parallel-packed myosin can
only initiate under circumstances in which the positive
interactions are stronger than the repulsive component.
Physically, this might arise in a zone with structural
heterogeneity, for example, at or close to the interface of
the parallel and antiparallel regions of the thick filament.
This could explain why segments of parallel-packed myo-
sin do not spontaneously nucleate and grow to produce
monopolar filaments. The contribution of the repulsive
component would thereafter have to increase at a faster
rate than the positive interactions. A coupling of these
processes to each other would ultimately lead to the
termination of growth at the point where the positive
interactions in the dimer binding site had been weakened
(solvated) to the extent that a dimer-filament equilibrium
was established. In light of the potential heterogeneity of
dimer binding sites at the tip of the thick filament, it would
only be those sites with a preponderance of weak interac-
tions coupled to the repulsive component that regulate
length.
It might be expected that the splitting of thick filaments
would cause them to fall apart due to a disruption of one of
the sequential interactions necessary for assembly. How-
ever, this is apparently prevented in the native filament
structure either by the presence of end-filaments (12, 13),
which appear to hold the tips of the three subfilaments
together preventing their sequential disassembly and/or by
stabilization through strong intra-subfilament bonds.
Minifilament Formation and the
Mechanism
Minifilaments are small bipolar structures of well-defined
length (0.3 ,um) made up of 16-18 myosin molecules
packed in an antiparallel array (14). They are formed from
myosin by dialysis against a solution of low ionic strength
and pH similar to that used to split native filaments.
Structurally, they are believed to be an intermediate
formed on the synthetic filament assembly pathway; since,
on raising the ionic concentration, minifilaments are trans-
formed into pH 8.0-type synthetic filaments (15). The
experimental evidence seems to support a mechanism in
which a single minifilament grows into a thick filament by
the addition of subunit rather than by the lateral aggrega-
tion of minifilaments before growth. At low ionic concen-
trations, these small filaments are incapable of growing
into synthetic filaments by the addition of myosin to form
the parallel-packed arms. It seems reasonable to propose
that the weak intersubfilament bonds are unstable in the
presence of the strongly enhanced repulsive component,
and as a result, the sequential process of assembly into
synthetic filaments is disrupted. Their length corresponds
roughly to the inner limit of the dissociation kinetics
typical of the parallel-packed arms of the thick filament
(4).
In view of the nature of the ionic bonding in the parallel
and antiparallel packed regions of synthetic myosin fila-
ments, clearly the length of minifilaments is precisely
controlled (4). A combination of the length curtailment
mechanism described above and one other property
ensures stability. As was mentioned earlier, the electro-
static component of the favorable interaction between the
subunits in a segment of synthetic thick filament roughly
equivalent in size to a minifilament, increases with size
toward a maximum at a point close to the boundary of the
antiparallel and parallel packed myosin (4). The remark-
ably precise length of minifilaments is, consequently, the
product of a discontinuity between these highly favored
attractive ionic interactions and strong repulsive ionic
interactions characteristic of parallel-packed material.
CONCLUSION
The length regulation mechanism discussed above high-
lights the importance of ionic bonding in the determination
of the size and structure of complex polymers. The mecha-
nisms of size regulation in mini- and synthetic filaments
appear to be primarily directed by changes in the charge-
charge interactions with aggregate size. In the former case
it results in a remarkably uniform length, controlled by a
mechanism in which structural discontinuity plays an
important role; with the latter, in a narrow-length distribu-
tion in an aggregate of essentially uniform structure. In
native filament assembly it is difficult to formulate a
simple and explicit role for ionic interactions because of the
inherent complexity of an assembly mechanism that
involves the interaction of numerous co-polymerizing com-
ponents that function as modifiers of the underlying myo-
sin-mediated mechanism. However, recent experimental
results on the kinetics of native filament dissociation in
muscle fibers have shown an exponential dependence of the
rate of dissociation on filament length (21), similar to that
found in the earlier kinetic experiments on synthetic
filament dissociation (2, 4). This finding strongly supports
the author's contention that the myosin-based assembly
mechanism formulated from the kinetic studies plays a
fundamental role in native filament assembly. A fine
tuning of the myosin-mediated mechanism by external
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information in the form of co-polymerizing proteins and/or
covalent modification would give rise to the precise length
of the native filament. These interactions are not resolved
in the fiber dissociation experiments mentioned above; only
the kinetic signature of the myosin-mediated component of
the reaction is observed.
Of the models proposed for the physical basis of length
regulation in biopolymers and for thick filament assembly,
the Vernier model (22) has received much attention. It is
therefore worthwhile to ask if its characteristic features
can be detected in filament assembly from purified myosin.
The model would require that co-linear subfilaments,
assembled via a sequential mechanism, shift gradually out
of register, thereby increasing the Gibbs energy of subunit
interaction at the growing tip to the extent that assembly is
terminated. It is conceivable that the three subfilaments
might, through some perturbation of their structure, func-
tion in this way. If this were indeed the case, the Gibbs
energy of interaction of filament with subunit would rise in
parallel with the reciprocal of the distance separating the
interacting charges, but the assembly of parallel-packed
myosin is characterized by a linear relationship between
Gibbs energy and length (2, 4). This behavior is consistent
with our charge-based model and not with a Vernier
model. A Vernier mechanism could potentially play a role
in native filament assembly. The myosin part of the thick
filament structure could move out of register with the
subunit repeat of a co-polymer component and thus regu-
late size.
The interaction of the repulsive component with a
centrally-located, length-regulating protein within the
structure of the native filament of vertebrate skeletal
muscle, though an attractive possibility, seems unlikely on
examination of the available evidence. Cleavage of the
filament into three subfilaments would not happen if a
protein of complementary charge ran the length of the core
of the parallel-packed region. This is a different situation
to that encountered in the concentric mode of assembly of
invertebrate thick-filaments in which myosin surrounds a
paramyosin layer formed about a proposed "ruler-like"
central core, in which such a mechanism does presumably
operate (23). Evidence of the disruption of thick filament
assembly in vertebrate skeletal muscle by interaction with
a protein of complementary charge is limited to the
filament ends. A bulky protein bound at the center of the
tip of the filament could disrupt the sequential process of
assembly in a precise and abrupt manner. End-filaments
(13), structures that remain attached to the tips of the
native filament under conditions of exaggerated charge-
charge interaction, are likely candidates for this role. How
these end-filaments come to be located at 1.6 ,um is a
matter on which little useful comment can be made at this
stage.
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